GaAs/AlGaAs core-shell nanowires were grown on Si(111) by Ga-assisted molecular beam epitaxy via the vapor-liquid-solid mechanism. High-resolution and scanning transmission electron microscopy observations showed that nanowires were predominantly zinc-blende single crystals of hexagonal shape, grown along the [111] direction. GaAs core nanowires emerged from the Si surface and subsequently, the nanowire growth front advanced by a continuous sequence of (111) rotational twins, while the AlGaAs shell lattice was perfectly aligned with the core lattice. Occasionally, single or multiple stacking faults induced wurtzite structure nanowire pockets. The AlGaAs shell occupied at least half of the nanowire's projected diameter, while the average Al content of the shell, estimated by energy dispersive X-ray analysis, was x = 0.35. Furthermore, molecular dynamics simulations of hexagonal cross-section nanowire slices, under a new parametrization of the Tersoff interatomic potential for AlAs, showed increased atom relaxation at the hexagon vertices of the shell. This, in conjunction with the compressively strained Al 0.35 Ga 0.65 As shell close to the GaAs core, can trigger a kinetic surface mechanism that could drive Al adatoms to accumulate at the relaxed sites of the shell, namely along the diagonals of the shell's hexagon. Moreover, the absence of long-range stresses in the GaAs/Al 0.35 Ga 0.65 As coreshell system may account for a highly stable heterostructure. The latter was consolidated by temperaturedependent photoluminescence spectroscopy.
Introduction
Semiconductor nanowires (NWs) as one-dimensional (1D) nanostructures have drawn the scientific attention, due to their unique properties that stem from their specific structural characteristics, namely the large surface-to-volume ratio and the capability to fabricate relatively defect-free single-crystalline materials with preferred shape, size and material composition. Since semiconductor NWs exhibit high carrier mobility, they are widely used in advanced technology applications, such as solar cells, sensors, light emitting diodes, and lasers [1, 2, 3] .
Although Si has dominated the solar cell technologies, III-V compound semiconductors based solar cells present higher efficiencies, due to their increased light absorption and charge mobility. Moreover, integrating the photovoltaic properties of III-V semiconductors into nanostructures such as NWs, further enhancement of the efficiency, due to quantum confinement, is anticipated. Among III-V semiconductors, the GaAs/AlGaAs heterojunction presents high interest, since the minimal lattice mismatch of GaAs and AlAs (0.13%) results in an almost perfect match of the two lattices.
Furthermore, by growing the GaAs/AlGaAs heterostructure in NWs with a core-shell configuration, owing to the vertical heterointerfaces, light absorption is separated from carrier collection pathways and hence, excellent optical quality and longer carrier lifetimes can be achieved [4] .
The GaAs/AlGaAs core-shell NWs are mostly synthesized using vapor-liquid-solid (VLS) growth [5] , by metalorganic chemical vapor deposition (MOCVD) using Au nanoparticles as catalyst [6, 7] , or Ga-assisted molecular beam epitaxy (MBE) on Si(111) [ 8 , 9 , 10 , 11 ] , or Au-assisted MBE on GaAs(111)B substrate [12] . Previous studies have shown that the GaAs/AlGaAs core-shell NWs grow predominantly as cubic zinc-blende (ZB) single crystals, mainly along the <111> direction, perpendicular to the substrate surface [13, 14] . Occasionally, NW segments of hexagonal wurtzite (WZ) structure have been observed to penetrate the ZB structure, as well. In III-V NWs structural defects, such as rotational twins and stacking faults (SFs) along the growth direction of the NWs are often observed, the latter been responsible for the transition between ZB and WZ structures and viceversa [14, 15] . High density of these defects in the nanometer scale may induce a variation of the band gap and influence electron transport along the NWs [15] . In addition, oxidation of the AlGaAs shell can be avoided by the superposition of a 5 nm GaAs capping layer over the AlGaAs shell [16] , or a phosphide shell as in Makhonin et al. [17] .
Since the chemical composition the Al x Ga 1-x As shell affects the optical properties of the GaAs/AlGaAs heterostructures, their compositional analysis becomes important. An irregular variation of the Al content inside the AlGaAs shell has been observed in single shell and multi-shell GaAs/AlGaAs NWs [7, 8, 9, 18, 19] . In particular, (111) cross-sections of NWs revealed Al-rich bands parallel to the <112> diagonal directions and increased Al concentration from the core to the outer surface [8, 9, 10, 18] . Alternatively, Al-poor AlGaAs quantum dot-like structures at the vertices of these bands in GaAs/Al 0.33 Ga 0.77 As multi-shell NWs were reported as well [18, 19] .
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In this work, the nanostructure and the core-shell morphology of GaAs/AlGaAs core-shell NWs, grown by Ga-assisted MBE, were investigated by High-Resolution and Scanning Transmission Electron Microscopy (HRTEM-STEM) techniques. In addition, energy dispersive X-ray (EDX) analysis on all sample geometries was carried out to examine the composition of the AlGaAs shell.
The experimentally determined nanostructural data and chemical composition of the NWs were then used as an input to molecular dynamics (MD) simulations. The Tersoff interatomic potential was parametrized to accurately describe the AlAs structure and subsequently, all the required atomistic interactions on the modeling of the GaAs/Al x Ga 1-x As core-shell NWs. The energetic, strain and stress related characteristics were elucidated, by the implementation of multiple MD simulations on a series of models having various shell-to-NW (S/NW) diameter ratios. A surface kinetic mechanism that triggers the preferential incorporation of Al atoms at the vertices of the hexagonal NWs was established. Finally, the structural stability of the core-shell configuration over a wide range of temperatures derived from MD calculations was examined in terms of temperature-dependent photoluminescence (PL) spectroscopy.
Experimental details
The core-shell GaAs/AlGaAs NWs were grown on n-type Si(111) substrates via the Ga-assisted VLS mechanism, in a VG80 MBE system, using an As effusion cell. Prior to GaAs growth, the untreated substrate was annealed in situ at ≈730 o C to form pores in the native SiO 2 , which would act as nucleation centers. Subsequently, the growth temperature was ramped down to 620 o C, and the GaAs core NWs were grown for 20 min, using a Ga flux rate of ≈0.5 ML/s and an As to Ga flux ratio of about 2. Under these conditions, the average diameter and length of the NWs were 75 nm and 2.5 m, respectively, while their areal density was in the range of 10 8 cm -2 . The Ga droplets on the NW tips were then consumed by exposing the sample to As flux for 3 min. For the Al 0.3 Ga 0.7 As shell, the V to III flux ratio was adjusted to about 4, the growth temperature was kept unchanged, while the growth time was 40 min. In order to protect the shell surface from oxidation, a few nm thick overlayer of GaAs was grown around the NWs.
Samples for TEM and STEM observations were prepared in cross-sectional orientation by the standard sandwich technique, followed by mechanical polishing and Ar + ion milling in the GATAN PIPS.
TEM-HRTEM observations were performed in a JEOL-2011 electron microscope operating at 200 kV (point resolution 0.19 nm, C s =0.5 mm), while STEM and EDX analysis were performed in a JEOL 2010F electron microscope equipped with an Oxford Instruments Si:Li X-ray detector.
Molecular dynamics (MD) simulations were performed employing the LAMMPS simulator [20] , using Tersoff interatomic potential [21, 22, 23] under the III-species environment approach [24] .
Finally, in order to detect their optical properties, the NWs were characterized by PL spectroscopy.
The samples were mounted in a closed-circuit liquid He cooled cryostat and were excited using the 4 325 nm beam of a He-Cd laser. The PL emission was analyzed with a nitrogen cooled CCD detector attached to a spectrometer. GaAs NWs nucleation sites presumably stem as a consequence of Ga droplets residing inside pores of the SiO 2 layer that reach the surface of the substrate [25] , here original GaAs NWs were observed to emerge from the Si oxide layer, while the presence of pores was not evident, or pores did not penetrate the entire SiO 2 thin layer. This may be attributed to the fact that TEM-HRTEM images are 2D
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projections of 3D material and depending on the random cut of the cross-sectional samples the amorphous interfacial layer may be projected in front of the NWs' nucleation sites. Yet, epitaxial growth of NWs on amorphous material has been observed in MBE growth of self-catalyzed GaAs
NWs [26] , and massively in self-assembled III-Nitride NWs on Si(111) and was attributed to the natural tendency of one-dimensional structures to grow along the polar <111> and <0001> crystallographic directions without direct contact with the substrate [27, 28, 29] .
The main crystal structure of the NWs, determined by electron diffraction analysis and HRTEM, was the cubic ZB structure. Despite the thin amorphous native oxide on the Si (111) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that in the initial stages of GaAs NWs growth a high density of rotational twin defects in all <111> directions are formed, as was also observed in GaAs NWs grown on GaAs(111)B [25] . Subsequently, the GaAs growth front advanced with the formation of multiple (111) There was no evidence that rotational twinning is associated with lattice transformations within the NWs, since the ZB structure was retained on either side of the twin boundaries. Moreover, the presence of the AlGaAs shell did not affect the structural integrity of the GaAs core, as the two lattices were perfectly matched and no structural boundary between the two lattices can be distinguished
[ Figure 2 (c)]. Hence, the structural defects of the core propagated unrestrained in the shell towards the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 transition between the two structures is achieved either by the insertion of a single or even multiple SFs. Taking the bulk ZB GaAs lattice parameters as reference, we have determined, from HRTEM images, the lattice parameters of the WZ GaAs/AlGaAs structure to be = 0.395±0.003 nm and c = 0.659±0.003 nm, which are compliant with the values reported from X-ray diffraction analysis [34] . It is apparent that the core-shell structure was not influenced by the lattice transformations [ Figure 3(b) ].
In the NWs that exhibited WZ segments, these were usually observed near the tips of the NWs mediated between two ZB regions. The formation of WZ pockets persistently near the tips seems to be a consequence of the exposure of the Ga catalyst nanoparticle to the As flux, and can be related to the transfer of the nucleation site from the center of the NW (catalyst droplet) that favors the ZB phase, to the triple phase line that favors the WZ structure [35, 36] . However, in our case, after the extinction of the catalyst particle, further exposure of the NW to the Ga and As beams resulted in a WZ region with thickness that matched the thickness of the underlying ZB structure and the diameter of the NW remained constant. In addition, due to the simultaneous exposure to multiple beams to form the AlGaAs shell, no condensation of a new Ga nanoparticle on the top NW facet was observed [36] . Furthermore, annular dark-field (ADF) STEM imaging was used to clearly reveal the core-shell structure, and to accurately determine the S/NW projected diameter ratio. As shown in Figure 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The EDX data were processed in the Digital Micrograph by summing the K and L maps for Ga and As and multiplying the Al_K map by 2 (as there is no Al_L line map for comparison). Assuming that all k-factors are equal, the Al concentration map was extracted from the following equation [37] :
, , 2x 2x 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The calculated atomic concentrations from the Al map varied from 0.20 in the shell to 0.08 inside the core and the calculated atomic concentrations from the Ga map increased from 0.32 from the outer shell to 0.47 inside the core. As these are true atomic concentrations, with scatter by ~ ±0.02, it is necessary to multiply by 2 to get the formula for the group III sub-lattice: the shell will be Al 0.4 Ga 0.6 As and the core Al 0.06 Ga 0.94 As or pure GaAs, if we assume that the small signal of Al in the core region is probably due to a weak fluorescence effect, and/or a slight tilting of the cross-sectional NW segment from the exact (111) zone axis orientation. If we accept that the core is pure GaAs, then a slight correction of the average Al content of the shell to ~0.35 seems reasonable.
Molecular dynamics simulations of the NWs
The MD simulations were performed using the Tersoff interatomic potential, hence in order to construct the core-shell atomistic models it was necessary to use the potential parameters of both GaAs and AlAs. The parameters for ZB GaAs potential were derived from [38, 39] , while a new full parametrization of the Tersoff interatomic potential was performed for the case of ZB AlAs. In addition, the parametrization of Nordlund et al. was used for the Al-Ga interaction [40] .
In the Tersoff potential the total energy of a configuration of atoms is given by:
where i are the atoms, j their neighbors and 
The bond order terms are:
where ij X is: 
Finally, the interaction is restricted in a sphere by a cut-off function given by:
The list of the potential parameters used for the ZB AlAs is given in Table 1 . The lattice constants, elastic constants and cohesive energies of the bulk GaAs and AlAs, presented in Table 2 , were calculated by the use of the aforementioned interatomic potentials, and were found to agree with the experimental values [42] . The MD simulations were performed under the canonical (NVT) ensemble in 0, 300, 600, 900, 1100 and 1300K, in order to take into account all the temperature depending phenomena and the consequent strain relaxation, close to the growth temperature (~900K).
In all cases, the MD simulations were performed on the aforementioned temperatures for 100 ns to ensure that thermal equilibrium is achieved, followed by a rapid quench in order to obtain the energetically favorable ground state configuration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 2 . The lattice constant, elastic constants and cohesive energies derived from the LAMMPS calculations for bulk ZB AlAs and GaAs and the corresponding experimental values [42] . B and G are the bulk and the shear moduli, respectively. A series of calculations including full relaxation of the internal degrees of freedom were performed by the use of LAMMPS and the lattice constants and cohesive energies were calculated for the bulk ternary compound Al x Ga 1-x As (x = 0-1). The quadratic Vegard's law for the lattice constant and the cohesive energy of the ternary compound is: 
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The required fitting procedures were implemented to both data sets and the bowing parameters were extracted. The results shown in Figure 5 suggest that according to our calculations linearity of Vegard's law is valid for the ternary Al x Ga 1-x As structure.
In order to elucidate the structural properties of the GaAs/Al 0.35 Ga 0.65 As core-shell NWs, a series of atomistic models consisting of 365k-atoms were constructed. According to the experimental observations, their diameter was set at 100 nm and the S/NW ratios ranged from 0. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The displacement magnitude of each atom after relaxation was calculated with respect to the relaxed positions of the equivalent GaAs NW. Consequently, the displacement value of an atom in a specific radius from the center of the NW is the summation of the displacements of all the atoms closer to the center along this radius. In Figure 6 , the displacement magnitude of the atoms of GaAs/Al 0.35 Ga 0.65 As core-shell NWs is presented for the various S/NW ratios. The displacement magnitude values of the atomistic models in Figure 6 correspond to the MD simulations for 900K. However, these results did not change over a wide range of examined temperatures (0 to 1300K). The GaAs core atoms did not exhibit significant values of displacements in the smaller S/NW ratios. Only at the core hexagon vertices, the GaAs atoms were displaced with respect to the reference GaAs NW, due to the presence of the Al 0.35 Ga 0.65 As shell. The maximum displacement magnitude with respect to the GaAs core was observed at the outer Al 0.35 Ga 0.65 As shell hexagon vertices, an area where more degrees of freedom are present for the atoms to relax, and it spreads towards the edges of the outer shell with increasing S/NW ratio, as shown in Figure 6 . The Al 0.35 Ga 0.65 As atoms on the vertices were found to relax in values close to the bulk Al 0.35 Ga 0.65 As lattice constant. On the other hand, the Al 0.35 Ga 0.65 As structure was compressively strained close to the core, while it was relaxing towards the outer {110} surfaces.
The enhanced relaxation response of the hexagon vertices in conjunction with the compressively strained Al 0.35 Ga 0.65 As shell close to the core provides a potential interpretation of the Al-rich paths 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 along the <112> directions within the Al 0.35 Ga 0.65 As shell that were experimentally observed from various groups [8, 9, 10, 18 , 44], but not in our experimental setup that did not allow for advanced high-angle ADF observations. This surface kinetic mechanism in the initial stages of the AlGaAs shell radial growth induces an increased incorporation of Al on the relaxed hexagon vertices compared to the compressed {110} facets of the NW. Preferential Al incorporation at the vertices leads to an increased Al concentration along the <112> diagonal directions, and progressively increase the difference on the strain state between the compressed {110} facets of the NW and the relaxed Al-rich vertices. Furthermore, the corresponding atomistic models of the average stresses showed that only local atomic scale stresses were detected regardless of the S/NW ratio. Only in the case of the thicker shell diameter the GaAs core seemed to be under considerable tensile stress. For the majority of NWs (S/NW 0.50, 0.55) long-range stresses are negligible, allowing the formation of a highly stable coreshell structure. In Figure 7 , the excess energy per III(Ga or Al)-As pair is calculated versus the S/NW ratio. The excess energy was derived by subtracting the corresponding bulk binding energies for each examined case from the total energy calculated by the MD simulations. While up to 0.50 S/NW ratios the excess energy was almost constant, for higher values the excess energy increased rapidly. This was attributed to the fact that above the 0.50 S/NW ratios the Al 0.35 Ga 0.65 As shell induced stress on the GaAs core and consequently, increased the energy level of the GaAs atoms. As shown in the atomistic model of the 0.65 S/NW ratio configuration of Figure 7 , the excess energy of the GaAs core atoms is not 14 negligible. In all cases the atoms of the outer surfaces of the shells were compressed due to surface relaxation phenomena and thus, exhibited higher excess energies. 
PL spectroscopy of the NWs
The high structural quality and energetic stability of the GaAs/Al x Ga 1-x As (x = 0.3-0.4) core-shell NW configuration detected in TEM observations and MD simulations from 0 to 1300 K is directly reflected in the PL emission of the samples. From temperature dependent macro-PL measurements, obtained from several thousands of NWs, intense PL emission is observed up to elevated temperatures, as depicted in Figure 8(a) . The PL emission at wavelengths shorter than 800 nm at 20 K, exhibiting a dominant peak at 790 nm, can be attributed to recombination at localized centers in the AlGaAs shell, such as for instance Al-deficient enclosures, as reported previously by other groups [9, 18] . With increasing temperature, the shorter-wavelength side of the AlGaAs emission loses intensity faster, while the 790 nm peak persists up to 240 K. An Arrhenius plot of the 790 nm AlGaAs PL peak spectrally-integrated intensity gives a thermal activation energy of ~110 meV, in line with the strongly localized nature of the specific recombination. At low temperatures, the GaAs core PL, occurring in the 820-840 nm range, is dominated by donor-acceptor recombination peaked around 837 nm. With increasing temperature, however, this recombination is rapidly quenched, giving rise to essentially free-exciton (FX) recombination, persisting all the way up to elevated temperatures. The FX GaAs peak position energy at 20 K is 1.505 eV, which is significantly red-shifted with respect to bulk GaAs, as a consequence of residual strain and piezoelectric effects, analyzed elsewhere [44] . In Figure 8(b) , we compare the Arrhenius plot of the spectrally-integrated GaAs FX emission for the GaAs/AlGaAs core-shell NWs, with that of a reference sample with bare GaAs NWs, having same structural characteristics as the core part of the core-shell NWs, produced by interrupting the growth just before the shell deposition. First remark is that the FX PL intensity of the core-shell NWs is increased by two orders of magnitude compared to the bare GaAs NWs. This comes as a consequence of efficient passivation of the GaAs surface by the AlGaAs shell, which drastically reduces surface-related nonradiative channels. Second, we observe that while the FX emission of the bare GaAs NWs quenches rapidly above 60K, with a weak activation energy of 35 meV, in the case of the core-shell NWs, the drop in intensity is pushed to about 120K and the corresponding activation energy is increased to 80 meV. Considering the relatively high potential barriers of this NW heterostructure, along with the efficient surface passivation that the AlGaAs shell provides, we interpret the enhanced activation energy for the core PL, to thermal de-trapping of carriers localized in the AlGaAs shell and subsequent transfer to the GaAs core. This interpretation is in line with the similar in magnitude activation energy of the AlGaAs shell PL, mentioned above. Arrhenius plots of the spectrally-integrated GaAs FX emission for the GaAs/AlGaAs core-shell NWs and a reference sample with bare GaAs NWs of similar structural characteristics.
Conclusions
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